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(£) Built-in radiation structure for a millimeter wave radar sensor. 

© A compact radar system (100) includes a dielectric substrate (108) having an upper and lower surface. A 
ground plane (114) is formed on the upper surface (115) of the dielectric substrate (108) and includes a radiating 
slot (116,117) formed therein. A radar transceiver (118) is located below the dielectric substrate (108) and 
generates transmit signals. A frequency selective surface (122) spaced above the dielectric substrate includes a 
radiating aperture (146,148) with a plurality of uniformly spaced holes. The frequency selective surface (122) 
decreases flow of electromagnetic energy from the radiating slot in one direction towards the transceiver and 
increases the flow of electromagnetic radiation in an opposite direction away from the transceiver. 
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This invention relates to radar sensors and, more particularly, to a compact, flexible; and built-in 
radiation structure for a millimeter wave radar sensor. ' 



2. Discussion: 



Radar sensors are generally employed for detecting objects within a desired field. Typical sensinn 
systems have been developed which employ radar, laser, infrared (IR), or ultrasonic principles However 
io each of these systems has its drawbacks. Current radar sensors operate at frequencies which are too low to 
incorporate the advanced monolithic millimeter wave integrated circuit (MMIC) and compact patch antenna 
technology. Generally, these sensing units are bulky and difficult to integrate into a host system. In addition 
current radar sensing units require a large number of components which make the units costly As a result' 
these systerns are limited in modularity and flexibility, and therefore, applications. Typical laser sensors 
« generally suffer from high cost, in addition to potential health hazards. Furthermore, they are limited b! 
environmental conditions such as fog and smoke. Infrared and ultrasonic sensors have limitations which 
include sensit.v.ty to environmental interferences, as well as interference from other similar sources in 
addition to noise.- 

There is a need for an effective compact, flexible and integrated radar sensor that can be easily 

integrated into many systems for various applications. In particular, there exists a heed for a compact low 

cost flexible radar sensor for automotive and space and defense-related applications and the like Such 

applications may include* integrating such a radar sensor 'onto ah automotive vehicle to provide a blind spot 

detector for crash avoidance purposes. For advanced vehicle designs, such as those involving four-wheel 

drive functions, there is a need for a 'smart 'Sensor to determirte the true ground speed of the vehicle for 

cru.se control purposes, accurate vehicle speed measurement, and four-wheel steerinq. in addition, there 

exists a need for a smart sensor to determine the vehicle height and to project the road surface ahead for 

aovancoc adaptive suspension systems. Furthermore, for military' applications, there exists a need for a 

compact, modular, tow cost sensor for collision avoidance or armored vehicles, heavy-robotic equipment 

m Z ^T.^ tran8 P° rtaUon equipment during, night operations' arid under adverse conditions such as too 
and battle field smoke. " '- • • . 7 . . . . < • .. . . 

Sensor systems have been developed and provided for such applications. Typical systems have 
generally employed radar, laser, infrared, and ultrasonic sensors. However; these systems have not been 
widely deployed because of high cost, poor performance; excessive size, and limited flexibility 
f " * 's Jherefore oresirafele to obtain an effective, low cost, compact and safe to operate radar sensor, ft is 
further desirable to obtain such a radar sensor which can be easily integrated into various systems: Such a 
system may include an automotive vehicle for providing a blind spot detector, a true ground speed 
measunng device, a vehicle height measurement device, and other various applications 

Conventional methods for constructing a radar sensor use electronics and an antenna which are 
separate components. The electronics are typically packaged inside a sealed conductive box for envi- 
ronmental protection and electromagnetic shielding. The electronics and the antenna are then assembled. 
Another conventional method packages the electronics inside a horn antenna. Still another approach utilizes 
feed assemblies in combination with reflector or lens antenna systems. Such designs are bulky and 
expensive. y 7 

Therefore, a radar system which integrates the electronics and the antenna system into a compactly 
45 packaged radar system is desirable. 

SUMMARY OF THE INVENTION 
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A compact - radar system includes a dielectric substrate having an upper and lower surface. A ground 
piane is formed; on the upper surface of the dielectric substrate and includes a radiating slot formed therein. 
A radar transceiver is located below the dielectric substrate and generates transmit signals. A frequency 
selective surface spaced above the dielectric substrat includes a radiating aperture with a plurality of 
unrformly spaced holes. The frequency selective surface decreases flow of electromagnetic energy from the 
radiating slot .n one direction towards the transceiver and increases the flow of electromagnetic radiation in 
an opposite direciion away from the transceiv r. • * '■ ■ * 

In another feature of the invention, the ground plan further includes a receiving slot formed therein. 
Th factor transceiv r receiv s reflected signals and the frequency selective surface includes a Y ceiving 
aperture including a plurality of spaced holes.' * ' 
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In yet another f ature of the invention the radar system further includes an upper and lower housing for 
enclosing the radar system. 

In still another feature of the invention the radar transceiver includes radiating and receiving microstrip 
feedlines connected to the radiating and receiving slots. The microstrip. feedlines can be formed on the 
5 lower surface of the dielectric substrate. 

In other features of the invention: the radar system further includes: a digital signal processing circuit 
located between the dielectric substrate and the lower housing; a spacer for spacing the frequency selective 
surface above the ground plane; and the radiating aperture of the frequency selective surface substantially 
-matches an impedance of the radiating microstrip feed line. . 
to Other objects; features and advantages will be readily apparent. . t . - ... t f 

BRIEF DESCRIPTION OF THE DRAWINGS , 

1 The various Advantages of the .present invention ^will become apparent ; tp those skilled in the art by 
75 reading the following specification and by reference to the following drawings in which: 

Figure 1 te a schematic block diagram" which illustrates a impact .millimeter wave radar sensor in 
accordance with the present inyehti on; ■ ^ : Vi . .. 

Figure 2a is a block diagram which illustrates a monolithic millimeter wave integrated circuit (MMIC) 
transceiver; :t t ^ • . . . . j. » - . *■ - 

20 Figure 2b is a block diagram which Illustrates sn^Jtemgte.em millimeter wave 

- integrated circuit* (MMIC) trOTSceive/; ^ > \ (I . ... . . ~ v . ^ v . r . r . c . .< ; : :j? ne a : . : : 

RQure 3 is a si^ematib dia^^^ antenna 
"" • design example;/ 1' X;!, ov ^' r ^'^ ^.i::^. .... w ■ > -v. 

Figure 4 is 'a blctek diagranj wpich^ jllys^ a ^igjtal ; . signal processor in 

Figures. 5(4^) t , f% . 1 . c i ; , 

Figure 6 is ^ser^ Ta^^y^ei^^ccqrding to the 

; presehnr^g ( ; r ^^'f^^ ^n^ioW n^iUo^: W -ei ,/< 

Rgure 7^5;a Vi6w of a radar^ arcuit f^nqatgclpn £ tottgm^urface ot£ diel»c^^j^J)strate; r . 

30 Rgure a fci£ vi^ .e;4c>ru o*. - 

Rgure 9 is an end view of .the assembled rad^system of Figure^?; r , vJ rJVijr ; ^r:^^ . ^ . 
— Figure iOajs^ to^ to the prior art; . niii i r --r>^i i ^. . . , 

RguYe .lbb Ts r a s^ . .. ^ vi^i^xi >\; ^ 

Figure 1 fa is i tbp view of a slot radiator including a reflector ground plane according to the prior art; 

35 Rgure 1 1b is a side view of the slot radiator with the reflector ground plane of ; Figure 11a; ^ . 

Rgure 12a is a top view of a slot-coupled patch radiator according to the prior art;; 
Rgure 12b is a side view of the slot-coupled patch radiator of Rgure 12a; , ^ , — 
Rgure 13a is a top view of a slot-coupled radiator incorporating a frequency selective surface according 
to the present invention; ' h r- ?', r: 

40 Rgure 13b is a side view of the slot-coupled radiator incorporating a frequency selective surface of 
Rgure 13a; 

Figure 14a is a perspective ' view of a vehicle incorporating the radar system of Figure 6 in a side view 
mirror and tail light assembly; 

Rgure 14b is a top view of the side view mirror of Rgure 14a; and 
45 ' Figure 14c is a top view of the tail light assemble of Rgure 14a. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT , 3s. - , 



Tuming^now to Figure 1. a schematic block diagram is shown therein :whjch .illustrates, a compact 
so millimeter wave (MMW) radar ~ : ^nsor 10 in accprdance "with the present invention. Radar, sensor .10 employs 
a mon'olimic. millimeter wave integrated circuit (MMIC) transceiver 12. The transceiver. 12 provides MM W 
transmit 'and r&ceive fuhcrtonsf which are. integrated onto , a single monolithic ; chip -1.3 using standard 
photolithographic ' tecrihirjues known jn'trVe c art Trahsceiv r.12 includ s a voltage controlled oscillator (VCO) 
20 which is connected' to an _ ; amptoiej^ is further-. .Qonnected tq a. : cpupl. r, : 25, which is 

55 connected 'to port A of tiuplexer 24! A preamplifier 28 is connected to port B of duplexer 24 .for. .amplifying 
a r fleeted signal received by antenna 14.. A bal^ncedi mixer 26 is provided which has an input connected to 
th output 'df fir^arnpiifier 28. Balanced mixer 26 . is /further. adapted to receive a leakag signal which is the 
" result of the coupler output of th transmitted signal generated by the voltage controlled oscillator 20 
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and the transmit amplifi r 22. Balanced mixer 26 is adapted to provide the difference between the transmit 
signal and the reflected signal. The output of balanced mixer 26 is an intermediate frequency (IF) known as 
the beat frequency which contains the range information. In an alternate embodiment, duplexer 24 and 
coupler 25 may be removed and replaced with a simple coupler to allow for further cost savinos and 
5 smaller size. • - . ■ . : • aa d " a 

An antenna 14 is connected to port C of duplexer 24. The antenna 14 can be a microstrio oaten 
antenna. Other antenna configurations will be readily apparent to those skilled in the art. The antenna 14 is 
adapted to transmit a high frequency modulated carrier signal throughout a desired field to be monitored 
Th.s transmitted signal may have a frequency of around 35 to 94 GHz. Higher frequency signal may also be 
io employed. Antenna 14 j s further adapted to receive a reflected signal which is the result of the transmitted 
signal reflecting off of objects located within the field. ne transmitted 

An IF pre-amplifier 30 is connected to the output of the balanced mixer 26 for amplifying the iF outout 
signal therefrom. Connected to the output of IF pre-amplifier 30 is an automatic gain control amplifier 32 
which provides high dynamic range. An analog-to-digital converter 34 is connected to the outout of the 
is automatic gain control amplifier 32 for receiving a signal therefrom. The analog-to-digital converter 34 is 
further adapted to receive a clock signal from clock 37 of digital signal processor 16 and provide a dioital 
output to the digital signal processor 16. Analog-to-digitaS converter 34 is a standard off-the-shelf 8-bit 
converter and is capable of handling IF signals and providing a dynamic range of about 48 dB A diqital-to- 
analog- converter 36 , is further . connected to digitai signal processor 16 for receiving an input sional 
20 therefrom. The digitahto-analcg converter .36 is adapted to provide a gain control signal to the automatic 
gain control amplifier; 32 . which provides a dynamic Vange- of about '50 dB. The automatic gain control 
amplifier 32 m ccmbscaiion .wKh the analog-ts-digital converter 34. the digital signal processor 16 and the 
digital-to-analog cpriysrter38 •mate>- U pr a .:dyrt^lc i :i^-^Sstiner»i' control loop 35. Control' loop 35 
prwtdes for the dynamic ^artge required to process the variations in target reflections and the range of 
25 • distance desired:-., • • ..■ ■ ■•■ -..s ;■. =.-:?:.: ..■ . 

«, • -^«pdula|qMa; is connected "to. digital sigitei processor 16 for receiving a square wave signal 
therefrom. FM modulator 40 is configured for providing a triangular modulation waveform signal at the same 
ponodjaty as. the.pqum* .waveform. -The output of FM modulator 40'is cbrihected to the input of the voltage 
controlled oscillatac-m of transceiver 12 for providing the 'frequency modulated signal thereto 
M Digital stgrsal .processor- 10 ts further connected to w external interface 42:" External Interface 42" 
conneclw^-an...output- display- 44 and input -terminals 46. 'Digital signal processor 16 is 
,.-,.manufactu^rod rt bv- AXO&ancS has a model number DSP1Q. Other suitable digital signal processors such as a 
Motorola- 56u01. and ; T9:cas instruments TMS320C15 may also bo used. Digital signal processor 16 performs 
all the necessary, processing and embedded intelligence functions therein. Processor 16 includes process- 
35 ir« capabilities for providing digital filtering, integrations and various other processing functions. In essence 
digital signaJ processor 16 is adapted to provide control signals and detect any reflected signal from objects 
within the fie,d being monitored and provide output responses therefrom. From the frequency shift and 
other information, thedigital signal processor 16 provides the distance information. 

A compact voltage regulator 47 provides the «-5v dc supply from a 12v dc supply. Another compact 
voltage»regulator 43 provides the -MOv dc supply from the 12v dc supply. In a different embodiment, 
different voltage regulators may be used to provide the +5v and + lOv dc from other voltage sources. 

Figure 2a is a block diagram which illustrates one embodiment of the monolithic millimeter wave 
integrated circuit (MMIC) transceiver 12. Transceiver 12 includes a voltage-controlled oscillator (VCO) 20 
adapted to receive the FM modulation signal from FM modulator 40 and provide a frequency modulated 
?HPMT, S,9r !f thorefrom - Vo,ta 9 e controlled oscillator 20 includes a single high electron mobility transistor 
(HEMT) and an .associated tank circuit for providing the carrier signal. The voltage controlled oscillator 20 is 
modulated, by applying a voltage to a varactor located in an oscillator tank circuit. Connected to the output 
of the voltage controlled oscillator 20 is a two-stage amplifier 22 having a first amplifier stage 21 and 
second amplifier ^stage 23. Amplifier 22 amplifies the signal which is then transmitted to the antenna 14 
through the duplexer 24 and the coupler 25. The output of amplifier 22 is connected to port D of the coupler 
25 The port E of the coupler 25 is connected to the port A of the duplexer 24. The transmit output to the 
antenna 14 is through port C- of the duplexer 24. The combination of voltage controlled oscillator 20 in 
connection with th amplifier 22 forms a transmitter 50. v ' • -. 

Transceiver 12 further includes a two-stage pre-amplifier 28 having a first stage 29 and second stage 
27 Pre-ampMier 26 is adapted to receive and amplify the reflected signals gathered by ihe antenna 14. The 
balanced mixer 26 is connected to the output of the preamplifier 28. Together, balanced mixer 26 and th 
pre-amplifier 28 form th receiver 52, The duplexer 24 and the coupler 25 form a network for isolating the 
transrmtter 50 from the receiver 52. The coupler provides the referenc transmit signal path to the balanced 
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mixer 26 of the receiv r 52 and the transmit path to the duplexer 24 and antenna 14. The balanced mixer 
26 provides the difference between the reference signal and the reflected signal to obtain an intermediate 
frequency (IF) known as the. beat frequency. The resulting beat frequency contains the difference in 
frequency between the two signals. . ■ 

5 In an alternate embodiment of the MMIC transceiver 12* as shown in Figure 2b f the duplexer 24 and the 

coupler 25 of the original implementation as shown in Figure 2a are replaced with a simple coupler 31 to 
[ allow for further cost savings and smaller size of the MMIC transceiver. The voltage controlled oscillator 20 
and the two-stage transmit amplifier 21 and 23 are basically the same as in the original transmitter except in 
chip layout. The two-stage amplifier 27 and 29. and the balanced mixer 26 are similar to the original 
to embodiment, except in chip layout and in that the balanced mixer 26 is further adapted to receive a leakage 
transmit signal which is used as the reference signal. The leakage! signal is the result of the signal 
generated by the voltage controlled oscillator 20 being transmitted across a leakage path 39 from amplifier 
23 to amplifier 29 across the new coupler 31. This alternate embodiment of the MMIC transceiver 
advantageously utilizes this leakage signal while providing isolation, between the transmitter 50 and the 
is receiver 52. . ^ .. , . : . <. e. v -i. ^j/- 

Figure 3 illustrates the antenna 14 designed as a millimeter wave band- microstrip patch antenna. A 
. plurality of radiating/receiving microstrip* patches 54. are provided in a ;4x4 array. In alternate embodiments, 
a 4x2 and a, 4x1 array may .also. be used^Micrpstrip, patches. : 54 are connected- by microstrip feedlines 56. 
The - antenna .14 is adapted, to be.Qtched„on : .a printed ctrcuit:board^and may be ''adapted to provide for a 
20 plurality of such microstrip patches 54 in various array de$igns. The array design lessentially determines the 
beam shape which may be adapted <tp provide ( for ^ varK^s courage- requirem'eicitssfor different applications. 
The resulting antenna 14; is small and planar,, and has; a patch: pattern that can easily be changed to adapt 
to various applications and mounting requirements. For automotive; applications;4he planar antenna enables 
incorporation oi the radar , sensor in f the .^lilighicassemblytvSide .. min^r^assembt^ or rear bumper of a 
25 vehicle. The particular antenna design example shown therein provides for an overall size which is less than 
1.5 inches .by (i l. 5 inpjies^ However,,; various-shapes and sizes may rberAisedy^deperiding 'oh the- particular 
. ^applicitiqir^r^, i-o^^vy-*?* 1 r$ ^.bivrv-o u/1 ;S^oo e: or- lcibiubom MM 

Figurej4 n i^ a block, diagram. which illustrates the major^f unctions *>f ^thoicMgSta^gnal-'pW^ssbr" 16.*Th 
signal processing functi<OTS_ performed^ and 
so ^ integration to^remove clutjpr. reduce false alarms, and to increasie sensitivity: -?TOepembedded intelligence 
functions, jinclude decision logic, control,., display. annunciation;.control; and>tself • testing.; 'The digital- signal 
processor 16 .performs these functions- in;, firmware to achieve the Iowestvpo3sible Fecumng "costs. Th 
. firmware may include software such as machine code fabricated in read-only merrtory (R'0lQl).-The digital 
signal processor 16 reads the digitized data, from the analog-to-digital con verter^34" and calculates the gain 
35 control that is to be applied to the automatic gain control amplifier 32* ■ '.*.> <, c:a ' ; - 

. In operation, the firmware of digital signal processor-16 reads in. a complete sweep of the radar data 
and captures the data at a sampling rate of about 2.5 megahertz. The digital signal processor 16 calculates 
a fast Fourier transform JFFT). The total energy is estimated from the FFT .calculation* and used to calculat 
the gain control signal which is applied to automatic gain control amplifier 32. ;The transformed data is 
40 further, divided into range bins in order to detect valid returns. Several • sweeps- are transformed and 
accumulated, resulting in a 6 dB, processing gain in the signal-to-noise ratio of 'the; received signal. The 
. digital signal processor 16 then weighs the spectrum to reduce the effects of clutter. A threshold decision 
function is applied to the range bins to detect valid returns. These returns are then compared to several 
past decisions from previous sweeps. By comparing past returns, the digital signal processor 16 adapts th 
45 decision thresholds and clutter weighing functions as the environment changes in 1 order to increas 
. differentiation of valid returns and reject disturbances and spurious returns. The digital signal' processor 16 
furthermore determines the closest valid return. Finally a periodically updated display provides the decision. 
Figure 5 illustrates the packaging design for a particular radar sensor example Of this invention. A radar 
. sensor . module 60 is shown having a housing subassembly 62; a radome/cover 64 r -and -an electronic 
so . subassembly having a support plate (not shown) and . two printed circuit board assemblies 66 and. 68. One 
of. the printed circuit board assemblies 68 is laminated to the top of the support plate" and has the patch 
antenna ass mbly etched ther on and. the MMIC . transceiver along - with; the preamplifier circuit. This 
assembly is conn cted by fl xibl jumper cabl to the other . multi-layer digital - printed circuit board 
.assembly.. 66 that is mounted to. the. rear portion: of the. support plate.* This second printed circuit board 
55 assembly 66 has components mounted on both sides to minimize the module size. -The radome/cover 64 is 
bonded over .in top of the .module 60 and provides impact protection' as well as a moisture seal for the 
ehtir modul 60. The invention discussed . herein is not restricted to this particular ' module d sign, for 
, different applications may require variations thereof. . " 
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Referring to Figures 6 - 9. a compact built-in packaging system for a radar system 100 includes a lower 
electronics housing 104 with an integral connector 106. While the lower housing 104 in Figure'6 is 
rectangular in shap , other shapes are contemplated. A dielectric substrate 108 includes a radar circuit 110 
mounted on a bottom surface 112 thereof (see Figure 7). A ground plane 114 is formed on a top surface 
115 of the dielectric substrate 108. Slots 116 and 117 in the ground plane 114 transmit and receive 
electromagnetic energy as will be described further below. 

The lower housing 104 positions and supports a digital signal processing circuit (DSPC) 118. The DSPC 
118 can be the DSPC disclosed in conjunction with Figures 1-5. or a conventional DSPC can be used A 
frame 119 including transmit and receive openings 120 and 121 is positioned over the dielectric substrate 
108 to provide uniform spacing between the dielectric substrate 108 and a frequency selective surface 
(FSS) 122, described further below. A spacer 123 including transmit and receive openings 124 and 125 is 
positioned on an upper surface of the FSS 122. A radome 126 protects the radar system 100 from harmful 
effects of the environmental conditions in which the radar system 100 is operated (e.g., rain, dust mud 
etc.) without noticeably affecting the performance of the radar system 100. 

The radome 126 can be made from a variety of materials. Transmission data for multiple materials 
through which the radar system 100 radiates and receives the transmit and reflected signals is illustrated in 
Table A (set rorth beiow). "Transmission" refers to the percent of the transmitted signal which is radiated 
without absorption by the material. As can be seen from Table A. many different materials can be 
effectively utilized. : 1 : ... 

' ■-' ' • ■' TABLE A ; ' ' ,: * 
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IWaserSal : 


Thic9g&ess (msi) : . 


: Freq (GHz) * 


Transmission 


25 ■ : "' 


< v Myiar 




" ; 35 

| 140 


99.5 

95.0 * 




r , Teflon j. _ ;. 


■ • r: ©Q. ... 


! «' 140 • *.* • 


: 32.C ; . . 
. 95.0 . 


30 '■ 


...'is:-! v.. j: v 




* ; ' 35 ' •'■ *' 
140 


72.0 
81.0 


1 


. (.exan (coated) 



55 


35 
140 


38.0 
8C.0 


35 - - 


Plexiglass 


375 


35 
140 


60.0 
60.0 




Plexiglass , 


250 


140 


70.0 


40 -ix: 


Polyethylene 


5 


35 
140 


99.0 
100.0 



The radar circuit 110 located on the bottom surface of the substrate 108 can include a MMIC 
transceiver 132. microstrip feedlines 134 and 136 connected to slots 116 and 117, and an IF/modulator 
circuit (IF/MC) 138 described in detail above in conjunction with Figures 1 - 5. A rectangular spacer 139 can 
be used to position the substrate 108 with respect to the DSPC 118, although other means for spacing are 
contemplated. Fasteners 140 connect the lowar housing 104. the DSPC 118. the dfelectric substrate 108. 
the frame 11 9, the FSS 122. the spacer 123. and the radome 126 into a compact integraTunit. The radome 
.126 can be attached to the spacer 123. Alternately, the radome 126 can include a plurality of holes for 
receiving the fasteners 140. or. the spacer 123 can be formed integrally with the radome 126. The dielectric 
substrate 108. the frame 119. and the lower housing, unit 104 enclose the radar circuit HO and the DSPC 
118 in a hermetically sealed environment. ■ , 

The FSS 122 is a perforated plate made of meta! or metal-coated plastic. The FSS 122 includes a 
transmit apertur 146 and a receive aperture 148 each including a plurality of uniformly spaced holes 150. 
The FSS 122 is positioned above the substrate 1.08. Slots 116 and 117. which are fed by the microstrip 
feedlin s 134 and 136 transmit and receiv electromagn tic energy. The microstrip feedlin s 134 and 136. 
me slots 116 and 117 formed in the ground plane 114. ,tha frame 119,. the dielectric substrate 108 and the 
FSS 122 form an integral antenna 144 for the radar system 100 while also, forming part of an enclosure for 
the radar system 100. 
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Both the IF/MC 138 and the microstrip feedlines 134 and 136 are fabricat d on the bottom surface 112 
of the substrate 108 which can be made of Alumina or Quartz. The ground plane 1 14 fabricated on the top 
surface 1 15 of the substrate 108 using metal, for example copper or gold. 

Figures 10. 11 and 12 illustrate several prior art antenna radiation configurations. Figure 10a is a top 

s view of and Figure 10b is a side view of a slot radiator antenna 200 including a microstrip feedline 204 
formed on a bottom surface 206 of a dielectric substrate 208. A ground plane 210 formed on a top surface 
212 of the dielectric substrate 208 includes a slot 214 which radiates into an upper half-space ( + Z 
direction) above the ground plane 210 and into a lower ..half-space (-Z direction) below the ground plane 
210. It is desirable to maximize electromagnetic radiation in one direction, in. the Z plane (typically away 

io from radar electronics) while minimizing electromagnetic radiation in an. opposite direction in the Z plane, 
e.g. where a radar or other circuits may be located. . . . : . ■ - 

Two configurations are offered by conventional antenna designs for obtaining maximum radiation in one 
direction in the + Z plane while minimizing radiation in the opposite directipo in -the -Z plane including a 
reflector ground plane configuration 230 illustrated in Figured 1* and. a slot-cpupled patch configuration 232 

75 illustrated in Figure 12. • - . , . V . 

For purposes of clarity,, reference numerals will | be used from Figure 10a ..where appropriate. The 
reflector ground plane configuration 230 in Figures 11a and . 11b includes a reflecting ground plane 234 
which reflects radiation in the -Z direction .180 degrees, in other words, jn the..+.Z direction. If the ground 
plane 210 is spaced a distance "D" (which" is approximately one quarter wavelength) from the, reflecting 

20 ground plane 234, the reflected electromagnetic radiation from the reflecting ground plane 234 in the +Z . 
direction is in phase with radiation emitted in the-+Z direction by the ground plane 210. 

However, the reflector ground plane configuration 230 cannot be effectively used with the integrated 
radar sensor 100 of the present, invention. ^First^elecfromagnetic- fields- traveling between the ground plane 
210 and the reflecting ground plane 234 adversely affect ele^onics located thfefebetween, for example the 

25 IF/MC 138. fflje DSPC 118, the i^TcrosHp feedline" 134, etc. Second. ithe space "P". between the reflecting 
ground plane 234 and the ground plane .210 may be insufficient to accommodate the. electronics located 

therebetween . \ . — i 

The conventional slot-coupled patch configuration 232 in Figures 12a and i2b r includes a microstrip 
feedline 252 etched on a bottomj surface 254of a first dielectric substrate .25&A ground! plane 258 having a 

30 slot 260 formed therein; Is i fal>nratea "on" a "top~ Surface 262 of the firS dielectric^sji^strate 256. A bottom 
surface 264 of a second dielectric substrate 266 is in contact with the ground plane 258. A patch 268 is 
fabricated on a -top surface 270 Qf the second dielectric-substrate 26^ and -is- designed tp match impedance 
in the +Z direction to an impedance of the microstrip feedline 252 to' obtain 'maximum electromagnetic 
energy transfer. In other words, the patch 268 creates a condition favoring flow of electromagnetic energy in 

35 the +Z direction. A length of the slot 260 is typically less than a resonant length to further reduc 
electromagnetic radiation in -Z direction. 

However the slot-coupled patch configuration 232 cannot be effectively used with the integrated radar 
sensor 100 of the present invention. First, the slot-coupled patch configuration 232 has low efficiency due to 
high material loss at microwave frequencies. Second, the slot-coupled patch configuration 232 has a less 

40 rigid structure due to the first and second dielectric substrates 256 and 266 which are typically thin. 

Figures 13a and 13b illustrate the integral antenna 144 of the present invention in detail. The microstrip 
feedline 134 is etched on the bottom surface 112 of the dielectric substrate 108. The ground plane 114 is 
fabricated on the top.surface 115 and includes the slots 116 and 117 (not shown in Figures 13a and 13b) 
.. formed therein. The FSS 122 is spaced (by the frame 123) above the ground plane 114 with air, acting as a 

45 dielectric, located therebetween. 

The FSS 122 according to the invention differs from conventional frequency selective surfaces. 
Traditionally. frequency selective surfaces include cross dipole (or Jerusalem cross;" tHpole', dipole, rectan- 
gular, . circular disk) arrays etched on a dielectric substrate. In other words, metal £uch as copper is 
deposited or printed on the dielectric substrate in the particular shape chosen^ Traditional frequency 

so selective; surface designs, have been" the subject of extensive study, for example' se^ /fgrawal & Imbriale.- 
"Design of a;Oichroic Subref lector". IEEE Transactions On Antennas and Propagationi'Vol. AP-27, No. 4, 
July 1979; Chen, Ingerson & Chen. "The Design of Wideband Sharp'Cm-off Dichroie"hEEE 'Antennas and 
Propagation Symposium. Vol. ,2, p.- 708-711; and Tsao & Mittra; -"Spectral-domain Analysis of Frequency 
Selective; Surfaces Comprised of Periodic : Arrays of Gross Dipbles and Jerusalem Crbsses", IEEE Transac- 

55 . lions . On /Antennas and Propagation; V li AP-32; N . 5. May 1984. All of the above are hereby incorporated 
byrefepence^ "\:C\i o^ 1 . : j ; V > ' - c ' "~ ' : * • * '~ ' ; *- : ' ~ - 

v. in. contrast/ :th ^FSS 122 of the present invention (see Ffgure Ba)- is fabricated using a metal plate with 
holes -1 50 which can be in the shape of a cross^J rusalem cross, tripolei dipole, rectangle or circle. Other 
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shapes will be readily apparent. The radiation patterns and impedances for each of the shapes are known 
for example, the impedance and radiation patterns of the conventional cross and Jerusalem cross (see 
Figure 8b) formed on a dielectric substrate are discussed in the above incorporated references Usinq 
Babmet's principle, the radiation patterns for the FSS 122 according to the invention can be derived 
Babinet's principle is discussed in C. Balanis "Antenna Theory: Analysis & Design", page 497 T Kong 
"Electromagnetic Wave Theory «, page 366; and T. Milligan "Modern Antenna Design page 70. All of the 
above are incorporated by reference. 

The FSS 122 of the present invention is a complementary radiating structure to the conventional cross 
and Jerusalem cross radiators; The FSS 122 is a complimentary structure because when the FSS 122 is 
combined with the conventional cross (or other shape), a solid screen with no overlaps is formed. Extension 
of these principles to other shapes will be readily apparent. 

The impedance, and the magnetic and electric fields of the FSS 122 can also be predicted from the 
impedance, and the magnetic and electric fields of the conventional cross (or other shape). Briefly the 
magnetic field of the conventional cross radiator (or other shape) is related to the electric field of the 
complimentary FSS 122. Similarly the electric field of the conventional cross (or other shape) radiator is 
related to the magnetic field of the FSS 122. The impedances of the conventional cross (or other shape) 
radiator and the FSS 122 are related to the intrinsic impedance or a medium in which the conventional 
radiating structure and the FSS 122 are located. The impedance provided by the FSS 122 is also related to 
the distance between the FSS 122 and the ground plane 114. 
20 The FSS 122 matches the impedance of the upper half-space (e.g. in the +Z direction) to the : 

impedance of the microstaip feedlines ?34 and 136 with sign if icantly higher efficiency than the patch 
antenna 232. Since tha FSS 122 is made of metal or metal-coated plastic, the integral antenna 144 is more 
rigid and durable thari cpnventicnat designs thus improving the packaging of the radar system 100. 

Referring to Figures? 14a and 14b. a vehicle 300 incorporating the compact packaging radar system 100 
25 is illustrated. Tte^ vi6w min ft. 30 4 attacheci to a side door 305 or other 

component of the vehicle 300. The side view mirror 304 includes an outer housing 306 and a mechanism 
(not shown) ior suppbr3 s ;g:and positioning a mirror 308. A window is cut from the mirror 308. and the radar 
system 100 is attached in the window. Alternately, If materials having proper electromagnetic properties are 
used, the radar system 100 can be mounted to a rear surface 3t0 of the mirror 308. 
so -Alternately., tte i&Jar System 100 carf be incorporated into a 'rear taii light assembly 3£0 of the venicle : 
300. The rear tail light assembly 320 can include a bulb assembly 322 which illuminates through a cover 
324 which can b3 iviaSe of plastic. The radar system 100 can be mounted on an inside surface 330 of the 
cover 324 of the rear tail Sight assembly 320. and can radiate and receive the transmit aid receive signals 
through the cover 324 which serves as an integrated radome to replace radome 126. As can be 
35 appreciates the "cover 324 - should have electromagnetic properties allowing flow of electromagnetic 
radiation flow therethrough. Alternately, a window can be cut from the cover 324 allowing electromagnetic 
radiation to directly impinge upon the radome 126 of the radar system 100. 

The radar system 10C mounted on the vehicle 300. such as an automobile, can be used in intelligent 
cruise control systems, collision avoidance systems, predictive crash systems, lane change systems, back- 
40 up warning systems, vision enhancement systems, ground speed measuring systems, ground height 
measuring systems, etc. As can be appreciated, while the radar system 100 is described above in 
conjunction with the vehicle 300 such as an automobile, other applications will be readily apparent. For 
example, the radar system can be used in police radar systems or in perimeter surveillance systems. The 
radar system can also be used as a phased array antenna for communications systems and other radar 
45 applications. 

In view of the foregoing, it can be appreciated that the present invention enables the user to achieve an 
effective compact, flexible and integrated radar sensor. Thus, while this invention has-been described in 
connection with a particular example thereof, no limitation is intended thereby except as defined by the 
following claims. This is because the skilled practitioner will realize that other modifications can be made 
so without departing from -the spirit of this invention after studying the specification and drawings. 

Claims 

1. A compact radar system including: ... v 

55 a dielectric substrate having an upper and lower surface; 

a ground plans formed on the uppe, surface of the dieiectric substrate and includihq a radiating 
slot formed therein; - : . 

radar transceiv r means located adjac nt the lower surface of the di lectric substrate for generating 
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transmit signals; and 

a frequency selective surface spaced above said dielectric substrate and including a radiating 
aperture with a plurality of uniformly spaced holes, wherein said frequency selective surface decreases 
flow of electromagnetic energy from said radiating slot in one direction towards said transceiver means 
5 and increases said flow of electromagnetic radiation in an opposite direction away from said transceiver 

means. . 

2. The compact radar system of claim 1 wherein said ground plane - further includes a receiving slot 
formed therein, said radar transceiver receives reflected signals, and said frequency selective surface 

w includes a receiving aperture including a plurality of spaced holes. , , 

3. The compact radar system of claim 1 wherein said plurality of spaced holes are cross-shaped. 

4. The compact radar system of claim . 1 . wherein said plurality of spaced , holes are Jerusalem cross- 
is shaped. ..... . . . ; m3 V ; 

5. The compact radar system of . claim 1 .wherein said plurality of .spaced ,hole^_are drcujar. > , 

6. The compact radar system of claim 1 wherein se^^ pJ.urality.pf spacec} holes j&r^ripole-shaped. . 

2 0 . . . . \ .1.*- q c'. .r::^''^-^'^^ "jocj i*r*r **j s'.l^'j Jfr*; c :r>*:o 

7. The compact radar system qf.cjaim X wherein sajd iplur^lity qf. spaced holes ^$$ : dipole-shaped: 

8i TW compact radWsy;^ J 

25 9. The c»mp£& 1 wherein said radiating aperture is gutjst^njtially square-shaped. 

;10. The cpmppict rppai, system ,of cjaim..9.wh^ of said 

^ squ^i^^^^^t^ia^^ japerturQ r : v .^^ ^^.hrr it .^gato^A yic\wi ~» Mte ?t 00 ' * * K 

\-r-.r ^o\m.t. .Alio o.xt.;. ^ ; >^" ^ ■*« ^ ^stev* ^-'^ ~ 

30 11. The Qprn^ac^jfadar "system jof >claim 2 wherein^said receiving a^rtur.e is substantially squares-shaped. 

.12. The compacjt radar, system ^pf. ciaim 1t wherein said receiving, slot :is;;£ligagd i wjtb : _£r<iiagonal of said 
: . square-shaped, receiving aperture., . i t c • .. -': ■» iu \ ;sc-o '.r.j s > - 

35 13- The compact radar system of claim 1 further including an upper and lower housing . for enclosing! said 
radar system. K , \ - - : ~ t: . :>> - ^■c:do -' . • . 

14. The compact radar system of claim 1 wherein the radar transceiver. means ; includes radiating and 
receiving microstrip feedlines connected to the radiating and receiving slots. . . : try.-. .;y 
40 ............. . .r : : "- . ' 

.15. The compact radar system of claim 12 wherein the microstrip feedlines. ,are. .-formed on the lower 
. .surface of the dielectric substrate. t r/v 

. .16. The compact radar system of claim 12 wherein the radar system further includes a digital signal 
45 processing circuit located between the dielectric substrate and the lower housing. 

17i The compact radar system of claim 1 wherein the radar system further includes .rrtwnsr for spacing the 
frequency selective surface above the ground plane..; ... ^ y 3 <;*.w 

• - - - - ' • . ' • ■ : H *-"' -'-'I*' ? " " 

so 1S. the compact radar system of claim 14 wherein the radiating aperture of the frequency ^selective surface 
substantially matches an impedance of the radiating microstrip feedline. 

19. The compact radar system of claim 14 wherein the receiving aperture of the fr quency selective 
surface matches an impedance of the receiving microstrip feedline. : 

20.. M Th com pact radar, system of claim 13 wherein said upper housing is formed by a radome connected 
to a spacer. " ._•*..--■ 1 
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21. The compact radar system of claim 20 wherein the spacer is formed by a plate including radiating and 
receiving holes which are aligned with the radiating and receiving apertures on the frequency selective 
surface when assembled. 

22. The compact radar system of claim 1 further including an IF/modulator circuit located below said 
dielectric substrate. 

2a The compact radar system of claim 22 wherein the IF/modulator circuit and the transceiver means are 
fabricated on the lower surface of the dielectric substrate. 

24. The compact radar system of claim 1 wherein the compact radar system, is incorporated into a tail liaht 

of a vehicle. y 

25. The compact radar system of claim 1 wherein the compact radar system is incorporated into a side 
mirror of a vehicfe. ; ! ' 

26. A compact radar system including: 

an upper housing with a radome connected to a spacer; 

a lower housing; u - : '' '- : 

a dielectric substrate having an uppejr and loweV surface; 

a ground pianie formed on the upper surface of the dielectric substrate and including a radiatino 
slot and a receiving slot formed therein; xi ' ^ . ^ r « 

radar transceiver means located adjacent the tower surface of the dielectric substrate for generating 
transmit signals and for receiving' reflected transmit signals; Wherein said transceiver includes radiating 
and receiving microstrip feedlines connected to the radiating and receiving slots: 

a frequency selective surface "spaced above the upper Surface bf said dielectric substrate and 
including a recosvjng aperture and a radiating aperture each with a plurality of spaced holes wherein 
said frequency selective surface decreases flow of electromagnetic energy from said radiating slot in 
one airection towards said transceiver means and increases said flow ot electromagnetic radiation in an 
opposite director away from said transceiver means, and wherein the frequency selective surface 
matches an impedance of the radiating and receiving microstrip feedlines; 

means for spacing the frequency selective surface above the ground plane; and 

a digital signal processing circuit located between the dielectric substrate and the lower housing. 

27. The radar system of claim 26 wherein the radar transceiver means is fabricated on the lower surface of " 
the dielectric substrate. 

2a The compact radar system of claim 26 wherein the spacer is formed by a plate including radiating and 
receivmg portions which are aligned with the radiating and receiving apertures on the frequency 
selective surface when assembled. 

29. The compact radar system of claim 28 wherein at least one of the radiating and receiving apertures are 
substantially square and at least one of the radiating and receiving slots are formed partially along a 
diagonal of said at least one of the radiating and receiving apertures. 

30. The compact radar system of claim 26 further including an IF/modulator circuit located below the lower 
surface of said dielectric substrate. 

31. The compact radar system of claim 28 wherein the IF/modulator circuit and the transceiver means are 
fabricated on the lower surface of the dielectric substrate. 

32. The compact radar system of claim 26 wherein the compact .radar system is incorporated into a tail 
light of a vehicle. 

33. The compact radar system of claim 26 wherein the compact radar system is incorporated into a side ' 
mirror of a vehicle. 
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34. A compact radar system including: 

an upper housing with a radome connected to a spacer; . 
a lower housing; 

a dielectric substrate having an upper and lower surface; 

a ground plane formed on the upper surface of the dielectric substrate and including a radiating 
slot and a receiving slot formed therein; 

radar transceiver means for generating transmit signals and for receiving reflected signals, wherein 
said transceiver, includes radiating and receiving microstrip feedlines connected to the radiating and 
receiving slots; * 

a frequency selective surface spaced above said dielectric substrate and including a receiving 
aperture and a radiating aperture each with a plurality of spaced holes, wherein said frequency 
selective surface decreases flow of electromagnetic energy from said radiating slot in one direction 
towards said transceiver means and increases said flow of electromagnetic radiation in an opposite 
direction away from said transceiver means, , . . , ; v-o-v • » 

wherein at least one of the radiating and receiving apertures are substantially square and at least 
one of the radiating and receiving slots are formed partially along a diagonal of said at least one of the 
radiating and receiving apertures, and wherein the frequency selective, surface matches an impedance 
of the radiating microstrip feedlines; : . i 

means for spacing the frequency^ selective surface above the ground -plane,, wherein the spacing 
means is formed by a plate including radiating i, n anoy receiving .portions. ^Jiich are . aligned with the 
receive and transmit ap^rta^ 

a digital signal processing circuit located between the. dielecttjq ,sub$trjtfe,and the lower housing; 

- an IF/m<xluJator ;^.rcuit fabricjate^l, c^n. Jow/sm: .surfpcj9 : fft tfio; ^iel^ctri9 ( ^t^lrate. { . s : . - 

35. The compact radar system of claim .34 vgherein the compact radar .system, is incorporated into a tail 
. light of 5 vehicle. j?( : ^ (l U:f . , w , ^zi*^ r -iil.^. omMsom & L - 

36- The compact raldar system of 6fa^ radar system is^ incorporated into a side 

/ . m ?^ffA^>?! e ".> "i?v^ly vrz .irw.i ^m^tti '.^V ,^w£ noll:^ r,)-.,- 

- v , . - , ?vv . ... .■• " -> ^L'O^',! un:^^CJ^ JOt * • * . y 
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